Abstract Both HIV disease and advanced age have been associated with alterations to cerebral white matter, as measured with white matter hyperintensities (WMH) on fluid-attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI), and more recently with diffusion tensor imaging (DTI). This study investigates the combined effects of age and HIV serostatus on WMH and DTI measures, as well as the relationships between these white matter measures, in 88 HIV seropositive (HIV+) and 49 seronegative (HIV−) individuals aged 23-79 years. A whole-brain volumetric measure of WMH was quantified from FLAIR images using a semiautomated process, while fractional anisotropy (FA) was calculated for 15 regions of a whole-brain white matter skeleton generated using tract-based spatial statistics (TBSS). An age by HIV interaction was found indicating a significant association between WMH and older age in HIV+ participants only. Similarly, significant age by HIV interactions were found indicating stronger associations between older age and decreased FA in the posterior limbs of the internal capsules, cerebral peduncles, and anterior corona radiata in HIV+ vs. HIV− participants. The interactive effects of HIV and age were stronger with respect to whole-brain WMH than for any of the FA measures. Among HIV+ participants, greater WMH and lower anterior corona radiata FA were associated with active hepatitis C virus infection, a history of AIDS, and higher current CD4 cell count. Results indicate that age exacerbates HIV-associated abnormalities of whole-brain WMH and fronto-subcortical white matter integrity.
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Introduction
The advent of combination antiretroviral therapies (cART) dramatically reduced morbidity and mortality in people with the human immunodeficiency virus-1 (HIV) (Detels et al. 1998) . Since that time, the life expectancy of HIV-infected people has been approaching that of the general population (Manfredi et al. 2002; van Sighem et al. 2010 ) and the number of older adults living with chronic HIV infection has significantly increased (Mack and Ory 2003; Effros et al. 2008) . Despite improvements in cognitive function following cART initiation (Cohen et al. 2001) , neurocognitive dysfunction remains common, even among cART-treated individuals (Simioni et al. 2010) , and risk for cognitive symptoms increases significantly with advanced age (Becker et al. 2004 ). This suggests that neurological damage continues to occur in spite of successful antiretroviral medication, and, in fact, it has been shown that HIV can persist in latent form in the brain despite suppression of viral replication (Finzi et al. 1997) . Given that people are living longer with HIV, it is important to study the effects of HIV on the brain in the context of aging.
Cerebral white matter damage can lead to cognitive and functional decline (Bendlin et al. 2010; Grueter and Schulz 2012) and is common in both HIV and older age, especially in frontal and subcortical regions (Good et al. 2001; Pomara et al. 2001; Resnick et al. 2003; Brickman et al. 2006; Xuan et al. 2013) . White matter damage can be measured by examining white matter hyperintensities (WMH) on fluid-attenuated inversion recovery (FLAIR) images from magnetic resonance imaging (MRI). More recent studies have employed diffusion tensor imaging (DTI) to assess white matter integrity, which can be sensitive to microstructural changes in the absence of fully developed lesions (Filippi et al. 2001) . Fractional anisotropy (FA) is a commonly reported scalar metric derived from the diffusion tensor that provides a measure of the directionality of water diffusion. Research has shown that while FA and WMH are related, they likely reflect distinct structural manifestations of white matter (Vernooij et al. 2009; Meier et al. 2012; Maillard et al. 2013; Aine et al. 2014 ) and, thus, may both be valuable for assessing the extent of white matter disturbances associated with HIV.
While studies show that people with HIV experience premature cognitive decline and white matter damage, there is lack of consensus in the literature as to whether the effects of age and HIV are additive, contributing independently to cognitive and neurological decline, or synergistic, having a greater than additive effect, potentially due to exacerbation of common mechanisms of neurological damage (Cohen et al. 2015) . Some studies report interactive effects of age and HIV on neurological and cognitive functioning (Sacktor et al. 2010; Chang et al. 2013; Seider et al. 2014) , such that older people with HIV (e.g., over age 55) experience greater deficits compared to younger HIVinfected people and younger and older seronegative controls. Others suggest the effects are additive (Ances et al. 2012; Becker et al. 2012; Thomas et al. 2013; Nir et al. 2014; Pfefferbaum et al. 2014) , such that people with HIV have greater levels of neurological dysfunction, but decline with age at the same rate as people without HIV.
To address these issues, the current study investigated whether aging, in the context of HIV infection, was associated with greater white matter damage as measured by WMH and FA. The relationship between the two white matter measures was also examined. The use of a quantified measure of wholebrain WMH as well as FA measures of white matter integrity in key regions of interest (ROIs) provides a more thorough evaluation of the association between age, HIV, and cerebral white matter than prior research, which may use qualitative WMH measurements or only one measure of white matter damage. Our investigation of FA was focused on ROIs that are particularly relevant to HIV, including frontal white matter, pathways to and from the basal ganglia, and the corpus callosum. We also examined other large white matter ROIs, though they were not expected to show strong HIV-associated effects. We predict that overall WMH and ROIs vulnerable to HIV will show the greatest evidence of interactive effects of age and HIV.
Methods

Participants
Participants were recruited from the outpatient Immunology Center of the Miriam Hospital and the Brown University Center for AIDS Research as part of an NIH-sponsored study of HIV-associated brain dysfunction. HIV seronegative (HIV−) controls were either recruited because they were family or friends of the seropositive (HIV+) participants, or they responded to fliers posted in the community. The study was approved by the IRB and informed consent was obtained from all participants. Prospective participants were excluded if they had any of the following: history of head injury (loss of consciousness >10 min); neurologic condition such as dementia, seizure disorder, stroke, or opportunistic brain infection; major psychiatric illness that might affect brain function such as schizophrenia, untreated bipolar disorder, or any other psychotic or thought disorder; or recent history of substance use as defined by substance dependence in the past 6 months or a positive urine toxicology screen for cocaine, opiates, or illicit stimulants or sedatives. HIV infection was documented by enzyme-linked immunosorbent assay (ELISA) and confirmed by Western blot. Participants were evaluated for active hepatitis C virus (HCV) infection, which was defined as detectable serum HCV by polymerase chain reaction.
One hundred and seventy-three participants received MRIs. Of these, 36 participants were excluded due to diffusion MRI data quality and 12 excluded due to FLAIR data quality involving the presence of significant motion or other imaging artifacts. Thus, 137 participants (88 HIV+ and 49 HIV−) were included in analyses of DTI data and 161 participants (101 HIV+, 60 HIV−) were used for WMH analyses. Thirty-two participants were uniquely included in WMH analyses (had good FLAIR quality but poor DTI quality) while 8 participants were uniquely included in FA analyses (had good DTI quality but poor FLAIR quality); therefore, 129 participants were included in all analyses conducted, and any analyses involving both WMH and FA data pertain only to these 129 participants. There were no significant differences between the 161 participants used for WMH analyses and the 137 used for FA analyses in terms of clinical or demographic characteristics.
Demographic characteristics of the 137 participants with good DTI quality are presented in Table 1 . These 137 were chosen because there were several FA ROIs and only one WMH outcome variable; thus, the majority of analyses conducted pertain to FA data and these 137 participants. Participant ages ranged from 23 to 79. The HIV− group had more years of education and a smaller proportion with active HCV infection. Among the HIV+ participants, the average time since diagnosis was 12.5 years, 83 % were on cART, 33 % had active HCV infection, 58 % had a history of AIDS (CD4 nadir <200), 68 % had undetectable plasma HIV RNA (<75 copies/ml), and the average current CD4 cell count was 451. These indicate a low burden of infection in the majority of participants at the time of the study.
MRI data acquisition
All MRI data were acquired at the Brown University MRI Research Facility using a Siemens Trio 3T scanner. Highresolution structural MRI of the whole brain was acquired in the sagittal plane using a T1-weighted MPRAGE pulse sequence (TE/TR=3.06/2250 ms, flip angle=9°, slice thickness=0.86 mm) and in the axial plane using a T2-weighted FLAIR TSE sequence (TE/TR 149/9000 ms, flip angle=120°, slice thickness = 3 mm no gap, interleaved). Diffusionweighted images (DWI) covering the whole brain were acquired using a double-spin-echo echo-planar pulse sequence in the axial plane with 64 diffusion gradient directions, b value=1000 x/mm 2 , TE=103 ms, TR=10,060 ms, in-plane resolution=1.77×1.77 mm, and slice thickness=1.8 mm. Ten images with no diffusion encoding were acquired as baseline for diffusion tensor fitting. Due to an MRI imager upgrade during the study, 27 of the subjects were scanned with identical acquisition parameters, except for TR=10,100 ms. Accordingly, protocol type was accounted for in statistical analysis as a covariate.
White matter hyperintensity analysis WMH were quantified using a semi-automated approach. T1 images were skull-stripped and segmented using the automated FreeSurfer procedures (Fischl 2012) . All segmentations were visually inspected and judged to be of adequate quality. Each T1 image was then rigid-body registered to the corresponding FLAIR images using FMRIB Software Library (FSL) FMRIB's Linear Image Registration Tool (FLIRT) (Jenkinson and Smith 2001; Jenkinson et al. 2002; Greve and Fischl 2009) , and the resulting transformations were applied to the FreeSurfer segmentation file using a nearest-neighbor interpolation to preserve the integer volume labels. A white matter mask for each participant was then created based on the segmentation and eroded by one voxel in all directions to eliminate residual skull and cerebrospinal fluid voxels. The FLAIR images were skullstripped using the T1 skull-strip images and corresponding transformations then normalized for field inhomogeneity using FSL FAST (Zhang et al. 2001) . White matter voxels from the FLAIR images were then extracted using the eroded mask created above. A threshold level of 1.25 SD above the median intensity of white matter voxels was created through an iterative process with visual inspection as an optimal point to identify white matter hyperintensity for each brain. A WMH mask of all white matter voxels that exceeded the threshold intensity was then created. To minimize false positives from voxels included due to minor movement artifact or change in tissue density, all clusters smaller than 5 voxels were removed. WMH masks were then manually edited according to strict rules designed to identify and remove false WMH inclusions that occurred from transitioning between grey and white matter in a consistent fashion across brains. A final volumetric measure of WMH was then derived from the final WMH mask. To account for individual differences in head size, volumetric measures of whole-brain WMH were adjusted based on intracranial volume (ICV) by creating a percentage (WMH/ICV*100). Thus, in all analyses, WMH refers to the percentage of ICV that is WMH.
To determine measurement reliability of this WMH quantification process, 14 FLAIR images with varying degrees of WMH burden were independently rated using a wellvalidated visual rating scale (Appel et al. 2009 ). Correlation between methods was 0.83, indicating high inter-method reliability.
Diffusion tensor analysis
Diffusion tensor analysis was performed using FSL (Smith et al. 2004; Woolrich et al. 2009; Jenkinson et al. 2012) . Non-DWI images were co-registered to correct for movement using FSL FLIRT rigid-body registrations. The images were then averaged to create a baseline for subsequent tensor fitting. To account for movement and eddy current distortions, the DWIs were registered to the non-DWI baseline image using 12-parameter affine registrations. The diffusion gradient vectors for each individual DWI were adjusted according to the corresponding affine transformations to account for the spatial transformations (Alexander et al. 2001) . In order to avoid negative eigenvalues, diffusion tensor estimations were performed using a nonlinear iterative method (Cox 1996) . The three principal eigenvectors were then computed, as were associated eigenvalues of the tensor characterizing the diffusion ellipsoid. Fractional anisotropy (FA) was derived from the eigenvalues using standard formulas (Basser and Jones 2002 ). The FA data were then fed into standard tract-based spatial statistics (TBSS) skeletonization to derive a common skeleton in MNI space onto which each person's FA data were projected. The Johns Hopkins ICBM-DTI-81 atlas was then used to segment the TBSS skeleton, and average FA values computed for each ROI bilaterally.
Six ROIs were chosen based on relevance to HIV disease: the anterior corona radiata (Pomara et al. 2001; Xuan et al. 2013) , genu of the corpus callosum (Thurnher et al. 2005; Wu et al. 2006; Xuan et al. 2013) , all areas of the internal capsules (Aylward et al. 1993; Ernst et al. 2000; Nath et al. 2000; Pomara et al. 2001) , and the cerebral peduncles, which are an extension of the posterior limbs of the internal capsules. The nine other white matter ROIs, which were not expected to be influenced by HIV, were examined as a control comparison condition to evaluate the specificity of early HIV-associated effects.
Statistical analysis
All statistical analyses were performed using IBM SPSS Statistics version 21. Alpha was set at 0.05, two-tailed. Differences in demographic and clinical variables between HIV+ and HIV− participants were examined using analysis of variance (ANOVA) for continuous variables and Pearson's chisquare tests for categorical variables.
To assess the interactive effects of age and HIV status, an age by HIV interaction term was created by multiplying the age and HIV variables, then orthogonalizing the product to avoid multicollinearity among predictors. This was achieved by regressing the effects of age and HIV out of the product term in a process called residual centering (Little et al. 2006; Marsh et al. 2007 ). To explain, a linear regression was conducted with age and HIV as independent variables and the age by HIV product term as the dependent variable. The unstandardized residuals from the regression were compiled as a new continuous variable, which represents the variance unexplained by the model, or unique interaction between age and HIV that is not related to age or HIV individually.
A linear regression was performed to examine how age, HIV status, and their interaction relate to WMH. The dependent variable in the regression analysis was WMH, and the independent variables were age, HIV status, and the orthogonalized age by HIV product term. To examine how age, HIV status, and their interaction affect white matter integrity, separate linear regression analyses were conducted for each of the white matter ROIs. In these regression analyses, FA for each ROI was the dependent variable, independent variables of interest were age, HIV status, and the orthogonalized age by HIV interaction term, and DTI protocol was included as a control variable. A backwards selection linear regression analysis was then conducted to assess which white matter measure of interest (WMH and the six FA measures of interest) was most closely associated with the age by HIV interaction.
Since years of education and HCV differed between HIV groups; correlational analyses examined the relationship between these two variables and the white matter measures of interest. Hierarchical regressions entering either HCV or education in the first model and then adding age, HIV, and the age by HIV interaction in the second model were conducted to examine the impact of HCV or education on the outcomes of interest.
Partial correlational analyses were used to assess the relationship between WMH and FA for each of the 15 white matter ROIs, controlling for DTI protocol. Finally, to examine the influence of clinical variables related to HIV on white matter damage independent of age, stepwise regressions using backward elimination were conducted for WMH and each of the 6 ROIs expected to show HIV-associated effects. The following predictors were used: active HCV infection (yes/no), HIV duration (years), detectable HIV RNA (yes/no), current CD4 cell count, history of AIDS (yes/no, defined as CD4 nadir <200), and current cART use (yes/no). This statistical method begins with a full regression model, using all predictors, and removes the variable that will most improve the model once removed, continuing until the model is optimal.
Results
White matter as a function of age and HIV Age, HIV status, and the age by HIV interaction explained significant variability in WMH (R 2 =0.069, F [3, 156]=3.83, p=0.011). There was a significant main effect of age (β= 0.179, p=0.023), such that older age was associated with greater WMH. The main effect of HIV was not significant (β=0.054, p=0.486). However, the age by HIV interaction effect was significant (β=0.203, p=0.010). To deconstruct the interaction term, follow-up regression analyses were conducted for HIV+ and HIV− participants separately with age as the independent variable and WMH as the outcome variable. For the HIV− group, age was not associated with WMH (β= −0.058, p=0.661), but for the HIV+ group, older age was associated with greater WMH (β=0.269, p=0.007). Figure 1 depicts WMH as a function of age for HIV+ and HIV− groups. WMH are presented as a percentage of total intracranial volume, and best-fit lines are displayed with 95 % confidence bands. Table 2 displays the regression coefficients for each of the 15 FA analyses, with the 6 ROIs expected to show HIV and age interactive effects listed first. Regression equations were significant for all white matter ROIs. A significant main effect for HIV was not found for any white matter ROI. A significant main effect of age was found in most of the ROIs examined, where greater age was associated with lower FA. Older age was associated with lower FA in the anterior, posterior, and superior corona radiata; the inferior and superior longitudinal fasciculi; the posterior thalamic radiations; the body and genu of the corpus callosum; the anterior and posterior limbs of the internal capsules; the cerebral peduncles; and the external capsules.
There was a significant interaction effect of age and HIV for FA in the anterior corona radiata, posterior limbs of the internal capsules, and the cerebral peduncles. These regions are displayed in Fig. 2 . To deconstruct the interaction term, follow-up regression analyses were conducted for HIV+ and HIV− participants separately with age as the independent variable and FA as the outcome variable, controlling for DTI protocol. While there was a significant relationship between increased age and decreased FA of the anterior corona radiata in the HIV− group (β=−0.388, p=0.003), the relationship was significantly stronger in the HIV+ group (β = −0.551, p<0.001) (Fig. 3a) . For FA of the posterior limbs of the internal capsules (Fig. 3b) , greater age was associated with lower FA in the HIV+ group (β=−0.398, p<0.001), whereas there was no relationship between age and FA in the HIV− group (β=−0.107, p=0.468). A similar pattern was observed for FA in the cerebral peduncles (Fig. 3c) , for which greater age was associated with lower FA among people with HIV (β=−0.409, p<0.001), whereas there was no relationship between age and FA among seronegative participants (β=−0.177, p=0.219).
In an effort to determine whether the interactive effects of age and HIV were evident among participants who had undetectable HIV and HCV viral loads, secondary analyses were conducted on this subgroup. The subgroup for WMH analyses included 43 HIV+ and 53 HIV− participants (mean age=46.5, standard deviation=11.8). Analyses revealed a significant main effect of HIV on WMH (β=−0.198, p=0.050) such that those with HIV had overall fewer WMH. The age by HIV interaction remained significant (β=0.246, p=0.029). When examining HIV groups individually, HIV+ participants had a significant association between greater age and greater WMH (β=0.329, p=0.034) whereas no association was found for the HIV− participants (β=−0.073, p=0.606). FA analyses included 42 HIV+ and 44 HIV− participants (mean age=44.8, standard deviation=11.9). Lower FA of the anterior corona radiata HIV+ HIV- Fig. 1 The HIV+ group shows greater increase in a whole-brain volumetric measure of white matter hyperintensities (WMH) with age vs. HIV − participants, depicting how age exacerbates HIV-associated white matter damage. Results are displayed as best-fit lines with 95 % confidence bands. Data are extrapolated for HIV+ individuals over age 65 was associated with greater age (β=−0.504, p<0.001) and the age by HIV interaction (β=−0.193, p=0.036), lower FA of the genu of the corpus callosum was associated with greater age (β=−0.240, p=0.003), lower FA of the anterior limbs of the internal capsules was associated with greater age (β=−0.336, p=0.001) and the age by HIV interaction (β=−0.209, p= 0.043), lower FA of the posterior limbs of the internal capsules was associated with older age (β=−0.287, p=0.012) and the age by HIV interaction (β=−0.233, p=0.041), and lower FA of the cerebral peduncles was associated with older age (β= −0.353, p=0.001) and the age by HIV interaction (β=−0.216, p=0.044). All interaction effects were as expected, with negative associations between age and FA for the HIV+ group and either weaker or absent associations between age and FA in the HIV− group. In sum, the interaction between age and HIV was even stronger among healthier participants who did not have detectable HIV or HCV coinfection.
WMH Age
The influence of HCV and education
Given that HIV+ and HIV− participants differed in terms of years of education and current HCV infection, correlational analyses were conducted to examine the relationship between these variables and white matter variables of interest. This was followed by hierarchical regressions to assess whether accounting for the effects of HCV and education altered the effects of interest. HCV correlated with WMH (r=0.264, p= 0.001) and FA of the anterior corona radiata (r=−0.190, p= 0.028), while education was correlated with FA of the posterior limbs of the internal capsules (r=−0.191, p=0.027). Controlling for the effects of HCV and education did not significantly alter any findings.
The relationship between WMH and FA
Correlational analyses revealed moderate negative correlations between WMH and FA for all 15 white matter ROIs studied. Table 3 lists correlation coefficients and corresponding p values. Results are depicted in Fig. 4 .
Which measure is most sensitive to the interaction of age and HIV?
To assess which white matter measure of interest had the strongest association with the age by HIV interaction effect, a follow-up stepwise regression with backwards elimination was conducted with the white matter measures of interest, namely WMH and FA values for the anterior corona radiata, the anterior and posterior limbs and retrolenticular of the internal capsules, the genu of the corpus callosum, and the cerebral peduncles, as predictors and the orthogonalized age by HIV interaction term as the outcome variable. Results of this process revealed that all models were non-significant until the final model, in which WMH was the only predictor, explaining 3.2 % of the variance in the interaction effect (R 2 =0.032, F [1, 124]=4.06, p=0.046).
The impact of HIV-associated clinical factors
Stepwise regression analyses with backwards selection were used to create optimal models predicting white matter measures using HIV clinical variables. Of the six ROIs expected to show HIV-associated effects, only the anterior corona radiata was related to HIV variables. The optimal model predicting FA of the anterior corona radiata explained 13.4 % of the variability in FA (R 2 =0.134, F [3, 80]=4.11, p=0.009) using history of AIDS (β=−0.26, p=0.027), current CD4 (β= −0.24, p=0.037), and active HCV infection (β=−0.22, p= 0.042). HIV variables explained 16.4 % of the variance in WMH (R 2 =0.164, F [3, 93]=6.08, p=0.001) with a model that included active HCV infection (β=0.319, p=0.001), current CD4 (β=0.238, p=0.021), and history of AIDS (β= 0.207, p=0.044).
Discussion
Our results suggest that age exacerbates HIV-associated white matter damage such that with increased age, people with HIV have greater WMH and reduced FA compared to younger HIV+ individuals and older and younger seronegative controls. Measures of whole-brain WMH revealed a relationship between age and greater white matter damage in HIV+ participants only. Furthermore, HIV-associated decreases in frontal and subcortical white matter integrity became more pronounced with age, as measured by steeper FA declines with age compared to seronegative controls in the anterior corona radiata, posterior limbs of the internal capsules, and cerebral peduncles. Interactive effects of age and HIV persisted when examining a subgroup free of HCV coinfection and detectable HIV RNA, suggesting that these effects exist even in infected individuals who are successfully medicated and free of HCV comorbidity.
The direction and magnitude of the combined impact of age and HIV were similar for both WMH and FA. Additionally, these measures were moderately correlated. Thus, both measures reflect similar patterns in this population and are both sensitive to white matter damage. However, when WMH and FA were simultaneously examined, WMH was retained as the variable most strongly associated with the age by HIV interaction. The variance accounted for by WMH was not substantially improved by DTI metrics. This implies that, at the very least, FA measures were comparable to WMH in their sensitivity to this interaction in this cohort. This also suggests that WMH should not be discarded as a potentially useful clinical measure in an aging HIV+ population. Furthermore, WMH may be easier to radiologically obtain, quantify, and qualitatively assess, using FLAIR images from MRI, whereas DTI measures require complex analysis to obtain findings. WMH have been a long-standing and clinically useful biomarker of white matter damage for a variety of pathological conditions, and results from the present study indicate that it continues to be clinically relevant.
Despite this evidence for the value of WMH when assessing age effects among people with HIV, it is important to note that reduced FA was associated with increased age regardless of HIV status. Age-related FA reductions were widespread, consistent with previous research showing detrimental effects of age on white matter integrity (Pfefferbaum et al. 2000; Good et al. 2001; Abe et al. 2002; Resnick et al. 2003; Head et al. 2004; Brickman et al. 2006; Grieve et al. 2007; Meier et al. 2012) . Given that the mean age of HIV− participants was 44 and the maximum was 79, it can be concluded that FA is sensitive to age-related white matter changes in people who are not yet very advanced in age.
On the other hand, WMH did not vary with age in the seronegative controls. This is perhaps not surprising, as prior studies of people at advanced ages show that WMH are common in people beyond age 80, but are minimal prior to age 60 (Bradley et al. 1984; Garde et al. 2000; Hopkins et al. 2006) . The current HIV− cohort was, on average, below age 60, so significant white matter abnormalities on FLAIR were not expected. Accordingly, whole-brain WMH measurement among seronegative adults may be less informative than DTI measures. Additional research is warranted to better understand whether there are regional cerebral WMH differences that give more information with respect to age associated white matter abnormalities in those with and without HIV. It will also be important to investigate the evolution of WMH relative to changes in FA as they occur in people aging with HIV.
The finding that HIV-associated FA reductions were strongest in frontal and subcortical regions is consistent with our hypotheses, developed based on studies showing initial changes in frontal (Pomara et al. 2001; Xuan et al. 2013) and subcortical (Pomara et al. 2001 ) white matter of people with HIV as well as the historical associations between HIV and subcortical brain changes (Aylward et al. 1993; Ernst et al. 2000; Nath et al. 2000) . The majority of HIV+ participants in the current study were taking cART and had well-controlled viral loads, so they would not be expected to show devastating neurological changes but rather evidence of the earliest signs of damage. Still, HIV+ participants had levels of WMH greater than would be expected for healthy people of a similar age, and greater frontal and subcortical damage compared to controls. Furthermore, the mean age of the participants with HIV was 45 and the oldest was only 65. Thus, white matter damage is occurring in HIV+ individuals before late life, in middle age. Combined with data showing that frontal regions are typically the first affected by normal aging (Head et al. 2004; Ardekani et al. 2007; Grieve et al. 2007 ), these results indicate that effects associated with age and HIV are compounding in HIV+ individuals aged 50 and older.
Both WMH and FA abnormalities were greater among older HIV-infected people, supporting the study hypothesis that HIV-associated white matter damage worsens with age. Yet, whether HIV and age act as additive or interactive risk factors for neurological damage is controversial. Age and HIV have been shown to have interactive neurological and cognitive effects (Sacktor et al. 2010; Chang et al. 2013; Seider et al. 2014) , though some research suggests that the effects are additive rather than synergistic (Ances et al. 2012; Becker et al. 2012; Nir et al. 2014) . Evidence for the interactive influence of HIV and age comes from the finding that neurocognitive impairments among older people with HIV are more prevalent than would be expected from HIV or age-related risks alone (Bhatia et al. 2012) . Furthermore, prior studies show interactive age and HIV effects in association with greater functional activation abnormalities in left frontal brain regions (Chang et al. 2013) , greater neuroinflammation and fewer markers of neuronal viability in a magnetic resonance spectroscopy (MRS) study (Ernst and Chang 2004) , and greater declines in memory (Seider et al. 2014) , psychomotor speed (Sacktor et al. 2010) , and daily functioning (Morgan et al. 2012 ) in older participants with HIV. For a discussion of mechanisms of neurological damage that are common to both HIV and advanced age, see Cohen et al. (2015) .
Analysis of the relationship between clinical factors and white matter measures among the HIV-infected people revealed significant associations between HCV coinfection, history of AIDS, and current CD4 levels. A positive history of AIDS was associated with greater white matter damage, which corroborates previous findings (Zhu et al. 2013) . Thus, prior immune compromise may produce lasting neurological effects, even after immune reconstitution. HCV coinfection was also associated with greater white matter damage. HCV affects liver function, leading to inflammatory responses in the body and the brain, and has been associated with greater cognitive dysfunction in people with HIV (Devlin et al. 2012) . Surprisingly, greater CD4 levels were related to greater white matter damage. Although larger CD4 cell counts have been associated with white matter abnormalities and reduced volume in prior research (Jernigan et al. 2011; Fennema-Notestine et al. 2013) , the mechanism behind this association remains unclear.
Given that age and duration of infection are closely related, it is possible that age effects might have been explained by duration of infection rather than aging per se. However, HIV duration as measured by time since diagnosis was not a significant predictor of white matter damage in the current cohort. Therefore, it can be concluded that the observed age effects were independent of HIV duration and truly reflected the effects of aging.
The present study is a cross-sectional design and thus has several inherent limitations. We cannot determine that the white matter structure in these study participants changed from a premorbid state nor can we conclude that it reflected damage caused directly by HIV. Additionally, inferences were made about the effects of age on white matter, but only in a longitudinal design would we be able to directly measure agerelated changes and assure absence of cohort effect. Future longitudinal studies would allow for a more direct observation of the effects of age, HIV, and comorbid conditions on white matter structure and integrity.
In conclusion, aging and HIV are associated with white matter damage and interact as risk factors for WMH increase and FA decline. FLAIR imaging may still be a clinically relevant tool to measure white matter abnormalities in middleaged and older people with HIV, whereas DTI may be more useful for assessing age-related white matter changes in middle-aged seronegative adults. Given that the current study population was relatively healthy and functionally intact, findings reflect early changes in white matter, which occur in frontal and subcortical areas in the context of HIV. Discovering early signs of decline gives an opportunity to aggressively treat modifiable risk factors for white matter damage, such as HCV, before the development of significant functional impairments. As the population with HIV ages, it will continue to be important to investigate the effects of the disease, comorbid conditions, and age on brain structure and function.
